α-Synuclein (α-syn) is a pre-synaptic neuronal protein that has been linked to a number of neurodegenerative disorders named as "synucleinopathies"[@b1]. However, the role of α-syn in the pathogenesis of Alzheimer's disease (AD) has been increasingly recognized since Uéda *et al*. reported the presence of a non-Aβ component in the extracellular plaques found in the brains of AD patients, which was shown to be a fragment of α-syn[@b2]. In fact, the role of α-syn became of particular interest when the co-existence of α-syn and tau pathology was observed in the brains of patients with AD, Parkinson's disease (PD) and dementia with Lewy bodies (DLB)[@b3]. Although total tau (t-tau), phosphorylated tau (p-tau) and amyloid beta-42 (Aβ42) are state biomarkers of AD, some of the neuropathological changes observed in the brains of AD patients are not captured by these traditional biomarkers, such as α-syn inclusions "LBs". Therefore, there is a need for additional biomarkers that can lead to better understanding and differential diagnosis. The aim of our study was to measure the levels of CSF α-syn species total- (t-), oligomeric- (o-) and phosphorylated-Ser129- (p-S129-) α-syn in a cohort of patients clinically diagnosed with probable AD who also exhibited a CSF profile positive for AD biomarkers, in support of the clinical diagnosis. To evaluate the diagnostic performance of CSF α-syn species in AD patients, we also included a control group composed of subjects who did not exhibit cognitive decline and who displayed CSF profiles negative for AD biomarkers. These were patients who had been diagnosed with other neurological diseases (OND). The correlation of CSF α-syn species with t-tau, p-tau and Aβ42 was also investigated.

Results
=======

Patient characteristics
-----------------------

Demographic data and clinical features are reported in [Table 1](#t1){ref-type="table"}. The AD group had median disease duration of 2 years at the time of the lumbar puncture. No significant difference in the number of years of education was present. As expected, baseline MMSE scores were significantly lower in the AD group (*p* \< 0.0001).

Levels of α-syn species in the CSF of AD patients and control subjects
----------------------------------------------------------------------

Due to the differences between the groups in some demographic and clinical parameters we used a logistic regression approach to assess the diagnostic performance of the α-syn species, adjusting for covariates such as sex, age and MMSE ([Table 2](#t2){ref-type="table"}). CSF t-α-syn levels were significantly higher in the AD group compared to the OND group (*p* \< 0.0001, [Fig. 1A](#f1){ref-type="fig"}), whereas CSF o-α-syn and p-S129-α-syn levels were similar in both diagnostic groups (*p* = 0.22 and *p* = 0.35, respectively, [Fig. 1B,C](#f1){ref-type="fig"}). As a consequence, the o-/t-α-syn ratio and p-S129-/t-α-syn ratio were significantly lower in AD subjects compared to OND subjects (*p* \< 0.001 and p \< 0.0001 respectively, [Fig. 1D,E](#f1){ref-type="fig"}).

ROC analysis was carried out for the α-syn species ([Fig. 2](#f2){ref-type="fig"}), and t-α-syn achieved the best diagnostic performance compared to o-α-syn or p-S129-α-syn, with a sensitivity of 85% and a specificity of 84% (AUC = 0.87, 95% CI = 0.82--0.93, and cut-off = 1260 pg/ml). However, neither the o-/t-α-syn ratio nor the p-S129-/t-α-syn ratio improved the global diagnostic performance of t-α-syn in detecting AD (sensitivity = 87%, specificity = 79%, AUC = 0.82, 95% CI = 0.76--0.87, and cut-off = 11.5; sensitivity = 50%, specificity = 84%, AUC = 0.71, 95% CI = 0.63--0.78, and cut-off = 8.0, respectively).

Correlation of CSF α-syn species with AD biomarkers and clinical features
-------------------------------------------------------------------------

Correlation analysis of all the CSF biomarkers in the diagnostic groups is reported in [Supplementary Table 1](#S1){ref-type="supplementary-material"}. As previously reported[@b4], t-tau and p-tau CSF levels were significantly correlated in both diagnostic groups; however, the positive correlation was much stronger in the AD group. Interestingly, a significant positive correlation between t-α-syn and tau species was only noted in the AD group (r = 0.31, *p* \< 0.001 for t-tau; r = 0.30, *p* \< 0.001 for p-tau, [Fig. 3A,B](#f3){ref-type="fig"}). Although similar correlations were observed within the OND group, they did not reach statistical significance. The levels of CSF o-α-syn positively correlated with t-α-syn levels (r = 0.20, *p* \< 0.01). On the other hand, in both the AD and OND groups, no significant correlations between o- or p-S129-α-syn and AD CSF biomarkers were observed. The correlation analysis between the CSF biomarkers and clinical parameters in the AD and OND groups is reported in [Supplementary Table 2](#S1){ref-type="supplementary-material"}. As expected, both t-tau and p-tau were negatively correlated with MMSE scores in the AD group. In addition, a significant inverse correlation between CSF t-α-syn levels and MMSE baseline scores was noted only within the AD group (r = −0.21, *p* \< 0.01, [Fig. 3C](#f3){ref-type="fig"}). No significant correlations were observed between the other α-syn species and age, education or disease duration in either diagnostic group.

Discussion
==========

The role of α-syn as a putative AD biomarker has been investigated in several studies, largely with contrasting results. Some studies have reported either unchanged or increased levels of t-α-syn in AD patients compared to various control groups (healthy or other neurological conditions)[@b5][@b6][@b7].

In the present study, we used our newly developed, sensitive ELISAs to measure the concentration of t-α-syn and other pathologically important CSF α-syn species (o- and p-S129-α-syn), which are mainly associated with synucleinopathies. The CSF samples analyzed were selected from a large cohort of patients clinically diagnosed with probable AD who also had an AD-positive CSF biomarkers profile. As a control group, we included cognitively intact patients who had been diagnosed with other neurological diseases but had an AD-negative CSF biomarkers profile. Our main findings were: i) a significant increase in CSF t-α-syn levels in AD patients with respect to control subjects; ii) no significant change in CSF o- or p-S129-α-syn levels in AD patients; and iii) a significant correlation of t-α-syn levels with tau species and MMSE in the AD group.

The increase of t-α-syn in the AD group is in line with the findings of several previous reports[@b5][@b8], but contrasts with others[@b9][@b10]. These discrepancies are likely due to several factors, including differences in the assay platform used, lack of control of contamination of the samples with red blood cells and heterogeneity of the patients included in the studies. In this study, we selected a cohort of AD patients by not only relying on an accurate clinical and neuropsychological evaluation but also choosing the patients according to the CSF profile of Aβ42, t-tau and p-tau, which further supports the initial AD diagnosis. Whereas, the OND group included cognitively normal subjects with CSF biomarker profile negative for AD, possibly excluding non-AD neurological disorders with neurodegeneration. This may explain the difference in diagnostic performance among the studies. Korff and colleagues found a sensitivity of 65% and a specificity of 74% in distinguishing AD patients from controls[@b11], while in the present work, the performance of t-α-syn was better, reaching approximately 85% for both sensitivity and specificity.

A meaningful hypothesis about the increase of t-α-syn in the AD group relies on evidence of over-expression in the brain tissue of AD patients, as previously shown[@b12], and/or on the neuronal damage related to AD. This, in turn, can increase the release of α-syn from damaged cells into the brain's interstitial fluid and then into the CSF. This hypothesis is further supported by the significant positive correlation between t-α-syn and tau species we found in our cohort. This correlation agrees with previous reports[@b8] and was observed solely in the AD group. Tau protein is considered the prototypical biomarker of neuronal damage because it is highly increased in the CSF of patients diagnosed with Creutzfeldt-Jakob disease[@b13], a disease characterized by massive neurodegeneration, as well as in acute events such as traumatic brain injury[@b14]. Notably, CSF α-syn is also increased in these conditions and in other neurological diseases in which neurodegeneration is an important attribute[@b15][@b16][@b17], further stressing the parallelism between tau and α-syn. In particular, the increase of α-syn in AD patients can be perceived as a marker of synapse loss and synapse disruption. It is worth noting that, consistent with other studies[@b11][@b18], we observed a significant inverse correlation between the levels of CSF α-syn and cognitive function as measured by MMSE in our AD group.

The unique role of α-syn in AD pathology relative to synucleinopathies is also supported by the lack of a contribution of o- and p-S129-α-syn species to the diagnosis of AD. Substantial evidence suggests a neurotoxic role for o-α-syn in the pathogenesis of synucleinopathies, both *in vitro* and *in vivo*[@b19], as α-syn oligomers are increased in brain homogenates and the CSF of PD and DLB patients[@b20][@b21][@b22]. Here, we found no significant differences in the level of o-α-syn in the AD group with respect to control subjects, thus confirming our previous reports[@b21]. Likewise, phosphorylated α-syn has been previously linked to PD pathogenesis, reflecting that most of the α-syn accumulated in LBs is phosphorylated at residue Ser129[@b23][@b24]. Elevated p-S129-/t-α-syn ratios have also been found in the CSF of PD patients[@b25]. In the current study, p-S129-α-syn did not show any significant change in our AD cohort, supporting the hypothesis that the oligomeric- and p-S129-α-syn species are intimately connected to the pathogenesis of synucleinopathies.

One possible limitation of this study is the lack of neuropathological assessment. It has been shown that AD biomarkers can detect the underlying AD pathology with high accuracy, but may not detect co-morbidity caused by the presence of other protein aggregates (Toledo *et al*. Acta Neuropathol, 2012)[@b5]. Co-morbidity may influence the accuracy of CSF biomarkers, including α-syn. Further studies should be devoted to the understanding of the complex relationships between CSF AD biomarkers and α-syn species across different types of dementia, possibly together with pathological confirmation. We also aim to include subjects with α-syn related dementias such as DLB and PD with dementia in future research to broaden our understanding of the potential role of α-syn as cognitive biomarkers.

In conclusion, our results in a well characterized cohort of AD patients and neurological controls further support the notion that t-α-syn most likely represents a marker of neuron loss and/or synaptic failure in AD. Future studies should be aimed at understanding the added values of α-syn species to the core AD biomarkers.

Methods
=======

Patients and CSF sampling
-------------------------

The AD cohort enrolled in this study included patients who attended the Center for Memory Disturbances of the University of Perugia between 2008 and 2011 and underwent CSF analysis for diagnostic purposes after informed written consent. All of the patients underwent the following: a thorough clinical examination by experienced neurologists; a neuropsychological assessment, including the Mini Mental State Examination (MMSE); analysis of blood chemistry; and a brain CT and/or MRI scan to exclude major cerebrovascular diseases or other pathological brain conditions (e.g., hydrocephalus, tumors, hematomas, abscesses, etc.). The AD group was composed of 225 patients (M/F = 96/129) diagnosed with probable AD according to the research criteria proposed by Dubois *et al*.[@b26] (M/F = 96/129). Each patient also had a CSF biomarker profile indicative of AD, according to the cut-offs used in our center (Aβ42 \< 800 (pg/ml), t-tau \> 300 pg/ml and p-tau \> 60 (pg/ml)). As neurological controls, we selected 68 subjects who were admitted to the neurological ward and underwent CSF tapping for diagnostic reasons (e.g., headache, suspected myelopathy, etc.), were without clinical evidence of cognitive impairment and had CSF biomarkers profile negative for AD (other neurological diseases group, OND). In all subjects enrolled in this study, lumbar puncture was performed as a routine diagnostic procedure between 8:00 and 10:00 a.m. CSF (10 mL) was collected in sterile polypropylene tubes, centrifuged for 10 minutes at 2000 × g, divided into 0.5 mL aliquots and immediately frozen at −80 °C. CSF samples were collected according to a standard protocol following international guidelines[@b27]. The study was approved by the local Ethical Committee (Comitato Etico delle Aziende Sanitarie della Regione Umbria - CEAS Umbria) and informed written consent was signed by all patients enrolled or by their legal representatives. The work was carried out according to the Declaration of Helsinki.

Immunoassays to quantify α-syn species in the CSF
-------------------------------------------------

CSF t-, o- and p-S129-α-syn levels were measured using our recently published ELISA assays[@b28]. Briefly, for measuring t-α-syn, a 384-well ELISA microplate was coated by overnight incubation at 4 °C with 0.1 μg/ml Syn-140 (sheep anti-α-syn polyclonal antibody) in 200 mM NaHCO~3~, pH 9.6 (50 μl/well). Similarly, Syn-140 was used for measuring p-S129-α-syn, while the conformation-specific monoclonal antibody (Syn-O2)[@b29], which is specific for α-syn oligomers (0.2 μg/ml), was used as the primary antibody to capture o-α-syn. The plate was then washed with phosphate-buffered saline containing 0.05% Tween-20 (PBST) and incubated with 100 μl/well of blocking buffer (PBST containing 2.5% gelatin) for 2 hours at 37 °C. After washing, 50 μl of the CSF samples (thawed on ice and Tween-20 added to a final concentration of 0.05%) were added to each well, and the plate was incubated at 37 °C for another 2.5 hours. Antibodies included 11D12 (mouse anti-α-syn monoclonal antibody) for measuring t-α-syn, PS129 (mouse anti-pS129-α-syn monoclonal antibody) for measuring pS129-α-syn and FL-140 (rabbit polyclonal antibody, Santa Cruz Biotechnology, Santa Cruz, CA, USA) for measuring o-α-syn were diluted to the desired concentration (1:5000, 1:1,000 and 1:1,000, respectively) in the blocking buffer before being added to the corresponding wells and incubated at 37 °C for 2 hours. Next, the plate was washed and then incubated for 2 hours at 37 °C with 50 μl/well of species-appropriate secondary antibodies: donkey anti-mouse IgG HRP or goat anti-rabbit IgG HRP (Jackson ImmunoResearch, US), diluted in blocking buffer (1:20,000). After washing, the plate was incubated with 50 μl/well of an enhanced chemiluminescent substrate (SuperSignal ELISA Femto, Pierce Biotechnology, Rockford, IL). Then, the chemiluminescence (relative light units) was immediately measured using a VICTOR™ X3 multilabel plate reader (PerkinElmer). The standard curve for the ELISA assays was carried out using 50 μl/well of serial dilutions of recombinant human α-syn, p-S129-α-syn or o-α-syn in artificial CSF. The samples were screened in a blinded fashion and tested randomly. All the results were confirmed with at least two independent experiments. A series of internal controls was also run to check for run-to-run variations.

Measurement of AD biomarkers
----------------------------

CSF Aβ42, total tau, and p-tau were measured using an ELISA technique (INNOTEST ß amyloid 1--42, hTAU-Ag, p-TAU 181 Ag, Fujirebio Europe, Gent, Belgium) as previously described[@b30].

Data analysis and statistics
----------------------------

Statistical analysis was performed using R software v. 2.15. Continuous variables were described by the median and interquartile range because data distributions were skewed. Correlations were calculated using Spearman's Rho (r~s~). The Mann-Whitney test was used for initial comparisons between the two diagnostic groups (*p* \< 0.05). The accuracy of the diagnostic value of the biomarkers[@b31] was assessed by calculating the area under the curve (AUC) of the receiver operating characteristic (ROC) curve[@b32]. Cut-off values were calculated using sensitivity and specificity values that maximized Youden's index. Because there was a significant difference in age (*p* \< 0.0001) and in the distribution of gender (*p* \< 0.01) between the groups, we corrected for these using a logistic regression approach to adjust for covariates. All CSF samples with an erythrocyte count \>500 cells/μl were excluded from further analysis, as traces of blood may influence CSF α-syn levels[@b33][@b34].
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![Boxplots of the values of CSF biomarkers observed in the AD and OND groups.\
Individual values of the CSF levels of **(A)** t-α-syn, **(B)** o-α-syn, and **(C)** p-S129-α-syn and the **(D)** o-/t-α-syn ratio and **(E)** p-S129-/t-α-syn ratio in patients with AD and OND. Horizontal bold lines indicate the medians; upper and lower horizontal lines indicate the range of values.](srep40263-f1){#f1}

![ROC curves of t-α-syn, o-α syn, p-S129-α-syn, the o-/t-α-syn ratio and the p-S129-/t-α-syn ratio and the fitted values of the multivariable logistic regression model.](srep40263-f2){#f2}

![Scatter plots indicating the correlation between t-α-syn and t-tau, p-tau and MMSE scores.\
The correlation of CSF t-α-syn with t-tau (r = 0.31, *p* \< 0.001), p-tau (r = 0.30, *p* \< 0.001), and MMSE score (r = −0.21, *p* \< 0.01) in the AD group **(A--C)**. The dotted line is the 95% prediction interval for the calculated regression line (solid line).](srep40263-f3){#f3}

###### Demographic data and clinical features of OND and AD subjects.

  Demographics                OND           AD       p-values
  ---------------------- ------------- ------------ ----------
  Sex (M)                  42 (62%)      96 (43%)     0.0094
  Age (year)              63.7 ± 10.6   71.2 ± 8.8   \<0.0001
  Education (year)         9.1 ± 5.1    8.2 ± 4.5     0.3895
  Disease years (year)        ---       2.5 ± 1.4      ---
  MMSE                    26.1 ± 3.2    21.1 ± 3.2   \<0.0001

P-values and percentages are reported for sex and means, SD and p-values of the Mann-Whitney test are reported for the other variables.

###### P-values of OND vs. AD comparisons of CSF biomarkers levels after adjustment for covariates (age, gender) using a regression model.

  Biomarker                     OND               AD          p-values
  ---------------------- ----------------- ----------------- ----------
  t-tau (pg/ml)            202.5 ± 55.5      776.1 ± 476.2    \<0.0001
  p-tau (pg/ml)             42.1 ± 9.5       105.5 ± 46.7     \<0.0001
  t-α-syn (pg/ml)         1119.0 ± 1114.4   2200.0 ± 1189.9   \<0.0001
  p-S129-α-syn (pg/ml)      81.8 ± 55.0       97.5 ± 61.8      0.346
  o-α-syn (pg/ml)          158.5 ± 79.8      162.5 ± 113.3     0.2291
  o-/t-α-syn                0.17 ± 0.08       0.09 ± 0.08      0.0003
  p-S129-/t-α-syn           0.08 ± 0.06       0.04 ± 0.05     \<0.0001
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